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Inverse velocity dependence of vibrationally promoted electron emission from a metal surface N All previous experimental and theoretical studies of molecular interactions at metal surfaces show that electronically nonadiabatic influences increase with molecular velocity. Here, we report the observation of a nonadiabatic electronic effect that follows the opposite trend: the probability for electron emission from a low work function surface -Au(111) capped by half a monolayer of Cs -increases as the velocity of the incident NO molecule decreases in the course of collisions with highly vibrationally excited NO(X 2 Π½, V=18), reaching 0.1 at the lowest velocity studied. We show these results are consistent with a vibrational auto-detachment mechanism, where electron emission is only possible beyond a certain critical distance from the surface. This outcome implies that important energy dissipation pathways involving nonadiabatic electronic excitations and furthermore not captured by present theoretical methods, may influence reaction rates at surfaces. Chemical processes are generally described in terms of the Born-Oppenheimer (BO) approximation where electrons move sufficiently rapidly to adjust adiabatically as the system evolves and nuclear motion is governed by an effective electronic ground-state potential energy surface (1). This approach, particularly in combination with density functional theory (2) , has contributed significantly to our understanding of surface chemistry and heterogeneous catalysis (3, 4) . Use of the BO approximation, however, neglects electronic excitation induced by nuclear motion, which might be expected for interactions on metal surfaces where there is a continuum of low lying electronic states. If for example chemical reactions at metal surfaces were accompanied by ubiquitous electronic excitations, important energy dissipation pathways would be neglected by present theoretical approaches. This could have important consequences for predicting reaction rates -for example overemphasizing re-crossing of transition states or underestimating the importance of rapid irreversible relaxation into product wells.
There are now many well documented examples of the breakdown of the BO approximation in molecular processes at metal surfaces (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . These include electron emission during strongly exothermic chemisorption, a process referred to as "exoelectron emission" (5, 6); vibrational energy transfer at metal surfaces (7) (8) (9) (10) (11) ; the observation of currents (termed "chemicurrents") associated with adsorption and reactions in Schottky diode and metal-insulator-metal (MIM) structures (12) (13) (14) ; and the emission of electrons when highly vibrationally excited NO molecules impinge on a low work function Cs(sub-ML)/Au(111) surface (16, 17)(18) . This last phenomenon, dubbed "vibrationally promoted electron emission", is a particularly direct observation of BO approximation breakdown.
Despite evidence of BO approximation breakdown, its impact on chemical reactions at surfaces remains unclear. On the one hand, it is clear that the rate of energy loss to the solid is crucial to accurately characterizing reaction conditions; however, some of the clearest examples of -3 -BO approximation breakdown occur so improbably -for example, exoelectron emission exhibits a per-collision-probability or 10 -7 to 10 -4 (19) -that it is hard to know if the electronically nonadiabatic events they reveal are minor side channels or if they have an important influence on reactivity.
Even for processes with significant probabilities, there are reasons to question their influence on surface chemical reactions. All observations and theories of the nonadiabatic processes cited above show a decrease in excitation probability as the velocity of the molecules relative to the surface decreases. This trend toward decreasing nonadiabatic transition probability with decreasing velocity is also seen in the gas phase, for example, in the well known Landau, Zener, Stuckelberg theory and numerous experimental results on nonadiabatic transitions at curve crossings (20) . Furthermore, the trend is expected because breakdown of the BO approximation depends on the nuclear motion being too rapid for the electrons to independently adjust. For adsorbed molecules, where the velocity relative to the surface is zero, it is thus reasonable to question the relevance of nonadiabatic processes altogether.
We report here a surprising and seemingly paradoxical observation: the probability of electron emission observed when highly vibrationally excited NO(X 2 Π½, V=18) molecules strike a low work function surface increases strongly as the velocity of the incident molecules decreases.
Such electron emission self evidently involves nonadiabatic electronic excitation. Yet, as we have just discussed, the probability of nonadiabatic excitation should decrease with decreasing velocity. We also present a simple model to resolve this apparent paradox. The model is based on an extension of the vibrational auto-detachment mechanism previously proposed (17) . The model suggests that it is not the motion of the NO molecule relative to the surface but rather the relative motion of the N and O that drives the nonadiabatic electronic excitation observed.
The experimental setup has been described in detail elsewhere (17) . Briefly, seeded supersonic pulsed molecular beams of NO in a variety of carrier gases are used to control the velocity (v) of the NO molecules. The NO molecules are prepared in vibrationally excited states of the ground X( 2 Π½) electronic state by stimulated emission pumping (SEP) (8, 16) and then scattered, in ultrahigh vacuum, from a low work function surface prepared by adsorbing a fraction of a ML of Cs on Au(111). The surface prepared in this way has a work function of 1.61 ± 0.08 eV (21) . Individual measurements of emitted electrons are carried out over only a few seconds, always within 20 minutes after surface preparation using a micro-channel plate assembly (MCP) (22) , conditions that ensure the cleanliness and stability of the low work function surface. The electron currents
are measured with a digital oscilloscope, which avoids saturation problems we had with the counting electronics used in our earlier measurements.
The basic methodology for obtaining absolute quantum yields for vibrationally promoted electron emission has been previously reported (16, 17) . Here, we used a new method to determine the flux of vibrationally excited molecules. Briefly, we used a laser induced fluorescence (LIF) signal measured just after the molecular beam skimmer to derive the number density of NO(V=0) and NO(V=18) molecules and converted the density to beam flux using the beam velocity determined by time-of-flight methods. Finally, we used knowledge of the excitation geometry and the velocity dependent divergence of seeded beams (23) to determine the subsequent transmission of the NO molecules through the apparatus to the surface. We also determine the absolute flux of NO(V=0) from measurements of the NO partial pressure increase in the scattering chamber and the pumping speed of the vacuum system. These NO(V=0) measurements were also We have previously suggested a vibrational auto-detachment mechanism for vibrationally promoted electron emission (17) involving formation of a transient negative ion and auto-detachment of an electron from this transient species resulting in the transfer of vibrational energy to electronic excitation. The mechanism, illustrated in Fig. 3a , is based on the fact that the vertical electron binding energy (VEBE) for NO varies strongly with internuclear distance; at the outer turning point (r1) of vibrational motion for NO(V=18) the VEBE is about +2.2 eV -i.e. the extra electron is strongly bound -whereas at the inner turning point (r2) it is about -2.6 eV -the extra electron is strongly repelled. Fig. 3a (30) . As NO bond compression in the anion progresses, electron release from the NO may occur near the inner turning point of vibration, r2, where the molecule's interaction with the electron is strongly repulsive -i.e. VEBE < 0. In principle, the electron may be transferred back to the surface, or it may possess sufficient kinetic energy, ∆E2, and be ejected in the proper direction that it entirely escapes the surface and can be detected in our experiment.
Nothing in the description of the vibrational auto-detachment mechanism given so far would give rise to the 1/v velocity dependence we observe. However, a 1/v dependence could arise if three additional conditions are met: First, there must be a defined region above the surface where the electron capture step can take place, the extent of which is not dependent on the velocity of the incident NO(V=18); Second, the NO molecule must move with approximately constant velocity in this region; and third, the probability of the nonadiabatic event resulting in emission of an electron must not depend on the velocity of the incident NO(V=18). We next discuss how these conditions can be satisfied in the auto-detachment mechanism in connection with Fig 3. As the NO molecule approaches the surface, the NO − curve (dashed in Fig. 3a) moves down in energy due to an image potential interaction and as a result, ∆E2 decreases. Figure 3b shows this reduction in ∆E2 as a function of z. Below a critical value, zc ~ 4.8Å, electron emission is no longer possible because ∆E2 becomes smaller than the work function, Φ. This establishes the first condition. Because zc is large, the neutral NO molecule will have only weak interaction with the surface, justifying the constant velocity approximation. We take the third condition as an assumption and use it to calculate the vibrationally promoted electron emission probability, vee P .
To do so, we first model the probability of the initial electron transfer to NO. The electronic coupling will depend on the overlap of the orbital of the incident NO molecule, |a> with the metal electronic states, |k> and has the form The conclusions of this work strongly suggest that electronically nonadiabatic effects can play a role in bond dissociation of surface adsorbates. First, the vibrational auto-detachment mechanism described can be important whenever the LUMO is either bonding or anti-bonding. In such cases, a significant structural change between the neutral molecule and its anion implies a similar electronic-vibrational energy exchange as that represented in Fig. 3a . Only in the case where the LUMO is a nonbonding orbital is this mechanism expected to be unimportant. Furthermore, the 1/v dependence of Pvee in equation (1) requires that the nonadiabatic transition probability, Pnon, be independent of v. This suggests rather directly that the motion of the center of mass of the NO molecule relative to the surface cannot be the driver of the observed nonadiabatic electronic excitation. Rather, it is the rapid stretching and compression of the N -O bond that drives the nonadiabatic dynamics. Thus the nonadiabatic couplings observed via electron emission in this work and attributed to dynamics at z 5Å and at finite velocities are expected to persist to small values of z and in the limit of zero velocity, conditions describing surface adsorb-ates. In fact, nonadiabatic electronic coupling will only increase with decreasing values of z.
More concretely, the underlying nonadiabatic excitation of electron-hole pairs represents a significant energy dissipation mechanism not accounted for by theories that employ the BO approximation. As atoms or molecular fragments react on a surface and excited electron-hole pairs are produced, the energy loss would help to rapidly stabilize the products. For example, as two recombining surface ad-atoms form an adsorbed diatomic molecule, the neglect of electron-hole pair excitation may result in an underestimate of energy dissipation to the surface, and lead to artificial re-dissociation of the diatomic in a calculation within the BO approximation.
Likewise, branching between two react ions with similar activation barriers might be influenced by more efficient energy dissipation in one channel preferentially trapping a particular transition state into one product channel versus another. Hence, both reaction rate and competitive reactive branching might depend strongly on BO approximation breakdown.
The results presented here call for further work, both experimental and theoretical. The critical distance model has important experimentally testable consequences: it constrains the energy distribution of emitted electrons and predicts that vibrational relaxation would not decrease as electron emission does. A more rigorous theory of the kinetic energy dependence of vibrationally promoted electron emission is also called for. We note for example that, in the interest of simplicity, the present model neglects the possibly important role of molecular orientation. While beyond the scope of the qualitative analysis presented here, changing the charge state of a molecule can dramatically alter the orientational forces it experiences in its interaction with the metal surface. Thus, bond re-orientation of the NO molecule may play a crucial role in the vibrational auto-detachment mechanism. We hope such work will shed light more generally, on the nonadiabatic dynamics involved in dissociation, recombination, and reactions of molecules on metal surfaces (33). The quantum yield reported here is larger than previously reported in (16) and (17) due to detector saturation problems in the previous experiment. 28.
The energetics for electron transfer to the surface become only more favorable as the molecule approaches the surface 29.
One may estimate tunneling distances based on principles set forth in Ref. S3 of the supporting online material. 30.
Energetically, the electron can originate from as much as 0.6 eV below the Fermi-level, but this does not meaningfully alter the analysis presented here. 31.
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Eqn(1) is valid only in the limit of negligible depletion of the initial NO(V=18) population and thus small quantum yield. In the more general case, we must solve the differen-tial equation for the population of NO(V=18). Eqn(1) is then the first term of a Taylor series expansion of the solution. 33.
We gratefully acknowledge the financial support from National Science Foundation grant number CHE-0454806 and the Partnership for International Research and Education -for Electronic Chemistry and Catalysis at Interfaces -NSF grant number OISE-0530268. NHN acknowledges financial support through a Feodor-Lynen fellowship provided by the Alexander von Humboldt Foundation. We thank Daniel Matsiev for many useful discussions and suggestions and a critical reading of this manuscript. random errors and are 95% confidence limits based on the 'student's t-test' using 4 independent measurements at 1.65 ps/nm and 5 independent measurements at 0.403 ps/nm. While the shape of the V=18 quantum yield is well determined (indicated by the error bars), its absolute scaling is subject to larger systematic errors. We estimate these systematic errors to be less than about a factor of three: e.g. 0.02<Q(2.32 ps/nm)<0.3. The solid line in the plot is the optimized fitting function. After shifting the origin of energy to the potential minimum, this becomes: For the z-dependence of the anion potential an image potential with a repulsive wall is used. The two (anion vs. neutral) potentials are offset with respect to one another by the electron transfer energetics, Φ-EA. The anion potential has been adjusted upward by 0.24 eV to accurately reproduce the O-atom electron affinity at large values of r. This is due to the ab initio calculations' error in the dissociation energy of the anion. There is some ambiguity in this adjustment as the accuracy of the NO electron affinity is thereby impacted. However, making adjustments to this model to ensure accuracy of the EA of NO at the expense of the EA of O, does not significantly change the outcome.
Figure captions
Next, we show a cut through the 2D potentials at large values of z. This is shown as Figure 3a in the main text. We envision that at the outer turning point of vibration (1.6Å) a vertical transi- This is the basis for invoking a critical distance zc~5Å. One might also imagine that the electron transfer at the outer turning point takes place adiabatically. This is the case described in the paper. Thus no energy is "wasted" in the initial electron transfer. In this case the energy available to eject the electron is somewhat larger and the approach to the surface can be somewhat closer before the image charge interaction prevents charge ejection. This is shown by the dotted line in 
